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a b s t r a c t
In this study, we investigated the ultrastructural modiﬁcations induced by inﬂuenza A (H7N9) virus in
human lung epithelial cells. One particular characteristic of H7N9 viral infection is the formation of
numerous M1-associated striated tubular structures within the nucleus and the cytoplasm, which have
only previously been observed for a limited number of inﬂuenza A viruses, notably the 2009 pandemic
(H1N1) virus.
& 2014 Elsevier Inc. All rights reserved.
Introduction
In March 2013, a novel avian inﬂuenza A (H7N9) virus that
infected humans was identiﬁed in China (H.-N. Gao et al., 2013; R.
Gao et al., 2013). Infection of poultry with inﬂuenza A subtype H7
viruses occurs worldwide, but the introduction of this subtype into
the human population, and the resulting fatal cases, has not been
observed previously (Belser et al., 2013). The cases occurred in an
initial wave (n¼133) from February to May 2013, and since
October 2013 a second wave of human cases has been occurring.
As of 28 January 2014, the case fatality rate of all conﬁrmed cases
is 22%, but many cases are still hospitalized (WHO report, 28
January 2014). Over a very short period of time, intensive surveil-
lance and research efforts have provided a ﬁrst overview of this
new inﬂuenza outbreak, notably in terms of clinical ﬁndings,
epidemiology, pathogenicity and possible antiviral-resistance mar-
kers (Belser et al., 2013; Gao et al., 2013a, 2013b; Richard et al.,
2013; Mok et al., 2013). The genotype of these H7N9 inﬂuenza
viruses isolated from humans may have originated in China by
reassortment of H9N2 viruses with duck viruses carrying H7 and
N9 genes (D. Liu et al., 2013; Q. Liu et al., 2013; Van Ranst and
Lemey, 2013). While there is a putative risk of H7N9 spread from
person to person, with acquisition of several markers of adaptation
to non-avian hosts or virulence in PB2, PB1-F2, M1 and NS1 viral
proteins (D. Liu et al., 2013; Q. Liu et al., 2013), only a few studies
have yet started to investigate the cellular biology of the H7N9
virus, to identify underlying mechanisms of adaptation.
Recently, we have revisited electron microscopy (EM) studies in
infected cells (Anisimova et al., 1980; Ciampor, 1972; Terrier et al.,
2012) and we have shown that inﬂuenza A viruses induce a major
remodeling of the host cell ultrastructure and the formation of
diverse viral structures depending on the subtype/strain and the
genomic composition of the viruses (Terrier et al., 2012). Our data
suggest that each inﬂuenza A virus strain could be associated with
a speciﬁc cellular ﬁngerprint, which possibly correlates with the
functional properties of its viral components (Terrier et al., 2012).
In this study, we examined the ultrastructural modiﬁcations
induced by inﬂuenza A (H7N9) virus in cultured human lung epithelial
cells. With the help of immunogold-labeling EM and confocal micro-
scopy (CM), we identiﬁed an abundant accumulation of M1-associated
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striated tubular structures in the nucleus and the cytoplasm, that have
only been observed with a limited number of inﬂuenza strains,
notably the 2009 pandemic (H1N1) virus (Goldsmith et al., 2011;
Terrier et al., 2012).
Results and discussion
Human lung epithelial A549 cells were mock-infected or
infected with inﬂuenza virus strain A/Anhui/1/2013 (H7N9) at a
multiplicity of infection of 1 and incubated for 24 h. Cells were
then ﬁxed and embedded for standard EM or anti-M1 immuno-
gold labeling EM, in Epon or Lowicryl resin, respectively, as
previously described (Terrier et al., 2012).
EM of the ultrathin sections revealed numerous zones of viral
budding, with the accumulation of electron dense material near to
the plasma membrane (Fig. 1A and B). The morphology of the
released viral particles was heterogeneous with spheroidal and
ﬁlamentous shapes. The average size and density of the surface
glycoprotein spikes (data not shown) were in agreement with
those previously measured for several other inﬂuenza A viruses
(Moulès et al., 2011).
We then investigated the host cell ultrastructure modiﬁcations
induced by H7N9 infection, and compared with mock-infected
cells (Fig. 1D versus 1C). One of the most noticeable observations
for the H7N9 infected cells was the extensive remodeling of the
nucleolar compartment, which we have previously reported as a
common feature for inﬂuenza A viruses (Terrier et al., 2012).
Fig. 1. Ultrathin EM section of A549 human lung cells infected with avian inﬂuenza A (H7N9) virus. (A) Pleomorphic viral particles visible at budding regions.
(B) Glycoprotein spikes and viral genome segments. (C) Non-infected cell. (D) Inﬂuenza A H7N9 infected cell. The disruption of nucleolar compartments and the formation of
virally induced structures are clearly visible. (E) Detailed view of H7N9-induced disruption of the nucleolar compartments. Numerous electron dense round-shaped bodies
were observed inside or in the proximity of the nucleoli (black arrowheads). (F) Detailed view of virally-induced striated structures in the nucleus.
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Indeed, the regular components of the nucleoli, such as the
ﬁbrillar centers (FCs) and dense ﬁbrillar components (DFC), were
easily distinguishable in non-infected cells (Fig. 1C), and had
totally disappeared at 24 h post-infection (Fig. 1D). Concomitantly,
numerous electron dense round-shaped bodies were observed
inside or in the proximity of the nucleoli (Fig. 1D and E, black
arrows). Another striking observation was the strong accumulation
of striated tubular structures within the nucleoplasm (Fig. 1D and
F). To further investigate these remarkable rod-like structures, we
made use of favorable ultrathin sections (generally above the
nucleolus plane), where they accumulate in large nuclear areas,
as illustrated in Fig. 2A. The lengths of these structures were
heterogeneous (100–300 nm) with an average diameter of 43.5þ/
6.0 nm (meanþ/SD, n¼20). In some cross sections, it was
possible to measure an inter-striae distance of 8.0þ/0.6 nm
(meanþ/SD, n¼10) (Fig. 2A, panel b and B). These structures
were mainly located in the nucleoplasm, but also within the
cytoplasm at 24 h post-infection (hpi) (Fig. 2D and E). The
characteristics of these H7N9 structures were very similar to other
striated tubular structures previously described in only a limited
number of other inﬂuenza viruses, such as contemporary H3N2
human lineages, the pandemic and WSN H1N1 strains and
A/chicken/Netherland/2003 A (H7N7) virus (Terrier et al., 2012;
Ciampor, 1972; Anisimova et al., 1980; Goldsmith et al., 2011). Of
note, the wide abundance of striated tubular structures within the
nucleus of H7N9 infected cells is a speciﬁc signature only shared
with the 2009 pandemic H1N1 virus (Terrier et al., 2012).
For H3N2 viruses, we have shown that these structures are
associated with the viral matrix protein (M1) (6). To further char-
acterize those induced by H7N9, we performed immunogold-
labeling EM using a goat polyclonal primary antibody raised
against M1 (PA1-85626, Thermo-scientiﬁc) and a donkey anti-goat
Fig. 2. H7N9 M1-associated striated tubular structures in the nucleus and cytoplasm observed using EM and CM. (A) Numerous striated tubular structures were quite visible
using ultrathin sections. (B) Detailed view of virally-induced striated tubular structures. (C) Immunogold labeling EM indicating that M1 is associated with the striated
tubular structures. (D and E) Presence of striated tubular structures visible in the cytoplasm of ultrathin sections. (F) EM results correlated with the subcellular localization of
M1 observed by CM, with the formation of large M1 spots in the nucleoplasm and cytoplasm, to a lesser extent (white arrowhead).
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secondary antibody conjugated to gold particles (10 nm diameter, BB
international). At 24 hpi, the gold particles were almost exclusively
associated with the areas of accumulation of striated tubular struc-
tures (Fig. 2C). This result also correlated with the subcellular
localization of M1 observed by CM, with the formation of large
M1-labeled areas within the nucleoplasm (Fig. 2F) and cytoplasm to
a lesser extent (Fig. 2F). These observations conﬁrm that M1 protein
is associated with the striated tubular structures induced during
H7N9 infection.
Protein sequence alignments have shown that the M1 from
inﬂuenza H7N9 and other viruses able to induce striated tubular
structures (Terrier et al., 2012) do not harbor any speciﬁc amino-
acid changes, with respect to M1 from viruses unable to induce
these structures (data not shown). The apparent ordered structur-
ing of these M1-associated structures and their abundance suggest
a putative function in inﬂuenza-host interactions and interplay
with key host cell factors. M1 is involved in the formation of viral
particles late in infection, as a matrix protein on the inner side of
the cellular membrane. During the early stages of infection, M1 is
also involved in the trafﬁcking of viral ribonucleoproteins (Bui
et al., 2000; Ma et al., 2001). The nuclear localization of the
striated tubular structures may be directly or indirectly connected
to M1-related functions. Future studies are required to further
characterize the kinetic of formation, composition and biological
signiﬁcance of these M1-associated structures.
Conclusions
In conclusion, we examined the ultrastructural modiﬁcations
induced by inﬂuenza A H7N9 virus in cultured human lung
epithelial cells and identiﬁed abundant M1-associated striated
tubular structures within the nucleus and the cytoplasm, a cellular
signature shared with the 2009 pandemic (H1N1) virus. The role
of these structures in viral replication and pathogenesis will need
to be further investigated, notably by attempting to correlate these
virally induced structures with biological functions. This short
study highlights the importance of EM and CM techniques in the
understanding of host-pathogen interactions, notably in the case
of emerging and re-emerging pathogens.
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